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Ben Lee
•  First paper with “Higgs phenomena”
   in title (1971)

•  Upper bound on Higgs mass from
   unitarity “Lee-Quigg-Thacker bound”

•  Classic “Lee-Weinberg” bound on
   neutral lepton masses

•  Series on renormalizabilty of 
   gauge theories1935-1977

“I, personally, know of no one who claimed to understand the details of ‘t Hooft’s paper. 
Rather we all learned it from Ben Lee, who combined insights from his own work”

Politzer Nobel Lecture
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Era of Higgs Physics
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Higgs boson mass, are assumed.
We choose to use the intersections of piecewise linear interpolations of our observed and expected rate limits in

order to quote ranges of Higgs boson masses that are excluded and that are expected to be excluded. The sensitivities
of our searches to Higgs bosons are smooth functions of the Higgs boson mass and depend most strongly on the
predicted cross sections and the decay branching ratios (the decay H → W+W− is the dominant decay for the
region of highest sensitivity). The mass resolution of the channels is poor due to the presence of two highly energetic
neutrinos in signal events. We therefore use the linear interpolations to extend the results from the 5 GeV/c2 mass
grid investigated to points in between. This procedure yields higher expected and observed interpolated limits than
if the full dependence of the cross section and branching ratio were included as well, since the latter produces limit
curves that are concave upwards. The regions of Higgs boson masses excluded at the 95% C.L. thus obtained are
158 < mH < 175 GeV/c2 and 100 < mH < 109 GeV/c2. The expected exclusion region, given the current sensitivity,
is 156 < mH < 173 GeV/c2. The excluded region obtained by finding the intersections of the linear interpolations of
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FIG. 5: Observed and expected (median, for the background-only hypothesis) 95% C.L. upper limits on the ratios to the SM
cross section, as functions of the Higgs boson mass for the combined CDF and D0 analyses. The limits are expressed as a
multiple of the SM prediction for test masses (every 5 GeV/c2) for which both experiments have performed dedicated searches
in different channels. The points are joined by straight lines for better readability. The bands indicate the 68% and 95%
probability regions where the limits can fluctuate, in the absence of signal. The limits displayed in this figure are obtained with
the Bayesian calculation.
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“Almost” discovery (or rule out)
within 1-2 years

Except!



EW Precision => SM Higgs is Light
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Figure 3: Branching ratios of the dominant decay modes of the Standard Model Higgs boson as a function of Higgs mass
for mhSM

≤ 200 GeV, taken from ref. [32]. These results have been obtained with the program HDECAY [27], and include
QCD corrections beyond the leading order [29]. The shaded bands represent the variations due to the uncertainties in the
input parameters: αs(M2

Z) = 0.120±0.003, mb(Mb) = 4.22±0.05 GeV, mc(Mc) = 1.22±0.06 GeV, and Mt = 174±5 GeV.

mass), and identifying the quark mass with the running quark mass evaluated at the Higgs mass,
mQ(mhSM

). The running quark mass, mQ(mhSM
) is obtained from the MS mass, mQ(MQ) [where MQ

is the corresponding quark pole mass], by renormalization group evolution. The MS quark masses are
obtained from fits to experimental data [33]. Note that the large decrease in the charm quark mass
due to QCD running is responsible for suppressing BR(cc̄) relative to BR(τ+τ−), in spite of the color
enhancement of the former, thereby reversing the naively expected hierarchy. Below the corresponding
two-body thresholds, the WW (∗), ZZ(∗) and t(∗) t̄ decay modes (where the asterisk indicates an off-shell
particle) are still relevant as shown in fig. 4.

The hSMgg, hSMγγ and hSMZγ vertices are generated at one-loop. The partial width for hSM → gg is
primarily of interest because it determines the gg → hSM production cross-section. The hSMγγ vertex is
especially relevant both for the hSM → γγ discovery mode at the LHC and for the γγ → hSM production
mode at the LC operating as a γγ collider.
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given the amount of Monte Carlo data available (out to q0 between around 9 to 16, i.e., to the level of a

3 to 4σ discovery). At present it is not practical to verify directly that the chi-square formula remains

valid to the 5σ level (i.e., out to q0 = 25). Thus the results on discovery significance presented here rest

on the assumption that the asymptotic distribution is a valid approximation to at least the 5σ level.

The validation exercises carried here out indicate that the methods used should be valid, or in some

cases conservative, for an integrated luminosity of at least 2 fb
−1

. At earlier stages of the data taking,

one will be interested primarily in exclusion limits at the 95% confidence level. For this the distributions

of the test statistic qµ at different values of µ can be determined with a manageably small number of

events. It is therefore anticipated that we will rely on Monte Carlo methods for the initial phase of the

experiment.

4 Results of the combination

4.1 Combined discovery sensitivity

The full discovery likelihood ratio for all channels combined, λs+b(0), is calculated using Eq. 33. This

uses the median likelihood ratio of each channel, λs+b,i(0), found either by generating toy experiments

under the s +b hypothesis and calculating the median of the λs+b,i distribution or by approximating the

median likelihood ratio using the Asimov data sets with µA,i = 1. Both approaches were validated to

agree with each other. The discovery significance is calculated using Eq. 36, i.e., Z ≈
√
−2lnλ (0),

where λ (0) is the combined median likelihood ratio.

The resulting significances per channel and the combined one are shown in Fig. 16 for an integrated

luminosity of 10 fb
−1

.
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Figure 16: The median discovery significance for the various channels and the combination with an integrated
luminosity of 10 fb−1 for (a) the lower mass range (b) for masses up to 600 GeV.

The median discovery significance as a function of the integrated luminosity and Higgs mass is shown

colour coded in Fig. 17. The full line indicates the 5σ contour. Note that the approximations used do

not hold for very low luminosities (where the expected number of events is low) and therefore the results

below about 2fb
−1

should be taken as indications only. In most cases, however, the approximations tend

to underestimate the true median significance.

4.2 Combined exclusion sensitivity

The full likelihood ratio of all channels used for exclusion for a signal strength µ , λb(µ), is calculated

using Eq. 34 with the median likelihood ratios of each channel, λb,i(µ), calculated, either by generating

HIGGS – STATISTICAL COMBINATION OF SEVERAL IMPORTANT STANDARD MODEL HIGGS . . .

1506

ATLAS TDR 2009
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10.3.3 Study of CP properties of the Higgs boson using angle correlation in

the Φ→ ZZ → e+e−µ+µ− process

The most general ΦV V coupling (V =W
±
,Z

0
) for spin-0 Higgs boson Φ (Φ means the Higgs

particle with unspecified CP -parity, while H (h) and A mean the scalar and pseudoscalar

Higgs particles, respectively) looks as follows [511–514]:

CJ=0
ΦV V = κ · gµν +

ζ

m
2
V

· pµ
p

ν +
η

m
2
V

· �µνρσ
k1ρk2σ, (10.5)

where k1, k2 are four-momenta of vector bosons V and p≡ k1+k2 is four-momentum of the

Higgs boson. In the present analysis a simplified version of above ΦV V coupling (Eq. 10.5)

is studied with a Standard-Model-like scalar and a pseudoscalar contributions (i.e. κ, η �= 0
and ζ = 0). To study deviations from the Standard Model ΦZZ coupling we take κ=1¶. The

decay width for the Φ→ZZ→(�1�̄1)(�2�̄2) process consists now of three terms: a scalar one

(denoted by H), a pseudoscalar one ∼η2
(denoted by A) and the interference term violating

CP ∼η (denoted by I):

dΓ(η) ∼ H + η I + η2
A. (10.6)

This way the Standard-Model scalar (η =0) and the pseudoscalar (in the limit |η|→∞) con-

tributions could be recovered. It is convenient to introduce a new parameter ξ, defined by

tan ξ≡ η, which is finite and has values between −π/2 and π/2. Expressions for H , A and I

can be found in article [512].

In study of the CP-parity of the Higgs boson two angular distributions were used. The first

one is a distribution of the angle ϕ (called plane or azimuthal angle) between the planes

of two decaying Zs in the Higgs boson rest frame. The negatively charged leptons were

used to fix plane orientations. The second one is a distribution of the polar angle θ, in the Z

¶
The ΦV V coupling with κ=1 and arbitrary η is implemented in the PYTHIA generator.

CMS TDR 2006
30 fb-1



Search Channels 115 < mh < 125 GeV

BR(h -> γγ) ≈ 1-2 x 10-3

BR(h -> ττ) ≈ 5-7 x 10-2

Until 2008, was thought that 
BR(h -> bb) ≈ 0.7-0.9  

lost in the QCD background.

h
τ

τ

h

γ

γ loop suppressed

yτ ≈ 0.01  suppressed
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Jet Substructure

Much activity in past 2-3 years...



Jet Substructure

Extract more information out of jets.

Enhance S/√B for massive objects
decaying to jets over QCD background.

(the boosted advantage)



No Boost versus Boost
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ΔR ≈ 

2 mh

pT
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-

R = √Δy2 + Δφ2



Boosted Higgs Decay

ΔR ≈ 
2 mh

pT

b
b

-

R = √Δy2 + Δφ2

Consider mh = 120 GeV; 
    pT > 200-300 GeV
=>  ΔR ≈ 1.2-0.8

Jet areas begin to overlap!
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“Fat Jet” contains multiple hard partons with 
distinguishable kinematic properties



Butterworth, Davison, Rubin, Salam [BDRS: 0802.2470] 
proposed a set of techniques to find h -> bb by 
precisely exploiting the S/√B advantages of “fat jets”.

-

Jet Substructure and Filtering

The basis of their techniques involves using an iterative 
jet clustering algorithm (C/A), examining subjet 
kinematics step-by-step, and finally choosing the 
“best” subjets from which to form the fat jet mass.



Fat Jets

Given ΔR ≈ 
2 mh

pT

b
b

-

Let C/A clustering algorithm
proceed up to R = 1.2, to 
capture both b jets into one
fat jet, requiring pT > 200 GeV. 

=  1.2
mh

120 GeV pT
200 GeV



Jet Decomposition Cartoon

fat jet

with jet mass: mj

R = 1.2



undo clustering

j1

j2

In C/A, this came from two jets with 
jet masses mj1 > mj2

Jet Decomposition Cartoon



repeat unclustering:

j21

j12

j22

four jets with masses: mj11 > mj12 , mj21 > mj22

Jet S
ubstructure #1

Th
e goa

l is to sepa
ra

te jets w
ith a h

ea
v

y pa
rticle decay 

from
 th

ose w
ith

out

2
1

T
h
u
rs

d
a
y
, F

e
b
ru

a
ry

 1
8
, 2

0
1
0

j11

Jet Decomposition Cartoon



j1

j2

mj1 < 0.68 mj?

ycut = (0.3)2

Higgs Jet Identification

physics scenario as well as the detector performance. Im-
portant details of the new physics model include the total
cross section of new physics, the fraction of new physics
produced that can be cleanly separated from standard
model backgrounds, the fraction of this sample that has
Higgs bosons resulting from new heavy particle decays,
and the fraction of these Higgs bosons that are boosted.
Important detector performance details include the b-tag
efficiency, which includes tagging a jet as well as subjets,
the jet energy resolution, fake rates, and so on.

II. BOOSTED HIGGS

A boosted Higgs boson has high transverse momenta
pt � mh. When the Higgs decays to bb̄, this high
transverse momenta causes the b-jets to be highly col-
limated. Conventional search strategies to identify the
Higgs through the reconstruction of two separate singly
b-tagged jets generally fails since it is much more likely
for the b-jets to be merged into a single jet. Going to
smaller cone size would seem prudent, except that this
has been shown to give poor mass resolution [4].

Instead, we exploit the recently developed technique
to identify subjets within a “fat jet” consistent with the
decay of a Higgs to bb̄ [1]. Identifying subjets inside a
fat jet that resulted from the decay of a massive particle
is not straightforward. Jet mass, determined by some
algorithmic prescription applied to the subjets, is one
indicator. However, the distribution that results from
ordinary QCD production still has a long tail into high
jet masses. For a jet with transverse momentum pt, jet
mass mj , and cone size R2 = ∆η2 + ∆φ2, the leading
order differential QCD jet mass distribution goes as [5, 6]

dσ (R)
dptdmj

∼ αsCi

πm2
j

�
ln

R2p2
t

m2
j

+O (1)

�
. (1)

The challenge is thus to reduce the QCD jet background
without losing significantly in mass resolution. Further,
when a jet with substructure is identified, we also need to
determine the “heavy particle neighborhood” – the region
to which QCD radiation from the Higgs decay products
is expected to be confined.

Analysis of jet substructure has received considerable
attention. Distinct algorithms have been proposed to
identify Higgs decaying to bb̄ [1, 7], fully hadronic decays
of top [7, 8, 9, 10], and even neutralinos decaying to three
quarks [11, 12]. Refs. [13, 14, 15] have also recently in-
troduced a more general “pruning” procedure based on
jet substructure to more easily discover heavy particles.
Our work employs a modified version of the iterative de-
composition algorithm introduced by Ref. [1], which uses
an inclusive, longitudinally invariant Cambridge/Aachen
(C/A) algorithm [16, 17, 18].

III. JET SUBSTRUCTURE ALGORITHM

The starting point to test our algorithm, both for new
physics and SM background processes, is a set of final
(post-showering and hadronization) particles. We gener-
ate signal events using Pythia v6.4 [19], while the back-
ground events are first generated at parton-level using
ALPGENv13 [20]. We use PYTHIA v6.4 for showering
and hadronization of all events. We also use the ATLAS
tune [21] in Pythia to model the underlying event. We do
not perform any detector simulation or smearing of jets.
A realistic ATLAS/CMS specific search in the spirit of
Ref. [2] is beyond the scope of this work. However, since
high pt jets result in a large amount of energy deposited
in the calorimeter cells where energy resolution is excel-
lent, we do not expect smearing to significantly modify
our results.

We group the hadronic output of Pythia into “cells” of
size ∆η×∆φ = 0.1×0.1. We sum the four momentum of
all particles in each cell and rescale the resulting three-
momentum such as to make the cells massless [8]. If the
cell energy is bigger than 1 GeV, the cells become the
inputs to the jet algorithm. We use the inclusive C/A
algorithm as implemented in FastJet [22] to cluster the
input cells in jets with R = 1.2. As we are trying to
identify the Higgs through its decay to bottom quarks,
the b-tag efficiency is paramount. For simplicity we work
with a flat 60% acceptance, with a corresponding fake
rate of 2%. Our algorithm is as follows:

1. The decomposition procedure starts with a b-
tagged jet j. After undoing its last stage of clus-
tering, the two subjets j1 and j2 are labeled such
that mj1 > mj2 .

2. Following Ref. [1], subjets are checked for the ex-
istence of a significant mass drop (mj1 < µmj) as
well as non-existence of an asymmetry defined by

y =
min

“
p2

tj1
,p2

tj2

”

m2
j

∆R2
j1,j2 > ycut. We use µ = 0.68

and ycut = (0.3)2 identical to Ref. [1]. Both subjets
are required to be b-tagged and the pt of the daugh-
ter jet j greater than 30 GeV. If these conditions
are satisfied, this stage of clustering (say, i-th) is
recorded and then the following is calculated:

Si =
min

�
p2

tj1
, p2

tj2

�

�
ptj1

+ ptj2

�2 ∆Rj1j2 . (2)

The quantity Si is an indicator of the similarity of
the two subjets and is weighted by their separation
∆Rj1j2 .

3. Replace j by j1 and repeat from step 1 as long as
j has further subjets.

4. Select the stage of clustering for which Si is the
largest. We anticipate that the two b-tagged sub-
jets, at this stage, are most likely to have originated

2

Expect drop for
heavy particle decay

Tends to reject soft/colinear 
QCD contamination

1)  check for “mass drop”

2)  check “asymmetry”

3)  require both subjets b-tagged



4)  Filter the subjets to reduce underlying event
contamination:

•  take 3 highest pT subjets
   (“third” captures leading 
    parton shower gluon)
•  recluster subjets with 
   Rj1,j2,j3 = min(Rbb/2,0.3)

Filtering

Rbb

Higgs Candidate Mass formed from 
3 highest pT subjets

j21

j12

j22
j11



Production:  Higgs-strahlung

Require Higgs is boosted 
pT(h) > 200 GeV
(only 5% of Zh/Wh cross section
 @ 14 TeV) 

Leptonic decay of W/Z into
llbb, lνbb, ννbb.

W,Z

h

q

q(‘)-



BDRS 0802.2470

BDRS Result

• LHC 14 TeV; 30 fb-1; mh = 115 GeV
• HERWIG/JIMMY 
  cross-checked with PYTHIA with “ATLAS tune”
• 60% b-tag; 2% mistag
• no smearing
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Strongly Motivating!
•  background uncertainty
   

•  b-tagging efficiency (better for subjets!)

•  underlying event

•  pile-up; at 1034 cm-2s-1 mass resolution of 
   Higgs degraded with C/A; more elaborate 
   techniques?
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Weak Scale Supersymmetry

“Minimal Supersymmetric Standard Model (MSSM)”

Hu,Hd Hu,Hd~ ~



Higgs Sector of MSSM

quartic coupling
λ

= +

g2 + (g’)2
determined! up to radiative

corrections

mh = MZ 2 2 tan2β - 1
tan2β + 1 )(

2
+      yt4 log mst/mt

(schematic)

+ ...



Figure 12: The radiatively corrected light CP-even Higgs mass is plotted (a) as a function of Xt, where Xt ≡ At−µ cotβ,
for Mt = 174.3 GeV and two choices of tan β = 3 and 30, and (b) as a function of tanβ, for the maximal mixing [upper
band] and minimal mixing [lower band] benchmark cases. In (b), the central value of the shaded bands corresponds to
Mt = 175 GeV, while the upper [lower] edge of the bands correspond to increasing [decreasing] Mt by 5 GeV. In both
(a) and (b), mA = 1 TeV and the diagonal soft squark squared-masses are assumed to be degenerate: MSUSY ≡ MQ =
MU = MD = 1 TeV.

prediction for mh corresponds to its theoretical upper bound, mh = mZ . Including radiative corrections,
the theoretical upper bound is increased. The dominant effect arises from an incomplete cancellation12

of the top-quark and top-squark loops (these effects cancel in the exact supersymmetric limit). The
qualitative behavior of the radiative corrections can be most easily seen in the large top squark mass
limit, where in addition, the splitting of the two diagonal entries and the off-diagonal entry of the
top-squark squared-mass matrix are both small in comparison to the average of the two top-squark
squared-masses:

M2
S ≡ 1

2(M
2
t̃1

+ M2
t̃2

) . (38)

In this case, the upper bound on the lightest CP-even Higgs mass is approximately given by

m2
h

<∼ m2
Z +

3g2m4
t

8π2m2
W

[

ln

(
M2

S

m2
t

)

+
X2

t

M2
S

(

1 −
X2

t

12M2
S

)]

. (39)

12In certain regions of parameter space (corresponding to large tanβ and large values of µ), the incomplete cancellation
of the bottom-quark and bottom-squark loops can be as important as the corresponding top sector contributions. For
simplicity, we ignore this contribution in eq. (39).

31

h is light

Carena, Haber Higgs report 2002



Superpartner Decay to Higgs

H~

h

µ > mG + mh 

   > 120 GeV

G~

~

SUSY with a gravitino 
LSP and Higgsino NLSP: SUSY with a Higgsino LSP:

~ ~B,W+-0

H+-0~

h,z,w+-

mWino > µ + mh

                      > 100 + 120 = 220 GeV

Kinematical requirement

BR up to 50% BR ≈ 25%



Squark Production to Gauginos

~ ~B,W+-0 H~

h
q

q

~

typical σ(squarks)14 TeV ≈ several pb!!

(which then decay to Higgs)



Outline

•  Higgs in Standard Model

•  Jet Substructure as tool to find h -> bb @ LHC

•  Higgs in new physics: 
    i)  SUSY  
    ii) top-partners

•  Discovery of Higgs in new physics events

•  Summary

-



“Goldstone region”
for m(t’) » m(t)

≈ 25% of time decay 
to h 

≈ 75% of time to 
longitudinal W/Z

Kinematical requirement
mt’ > mt + mh

                     > 175 + 120 = 295 GeV

Top Partners

Vector-like pair of quarks T(3,1,2/3), T(3,1,-2/3)

t’

t

h

  little Higgs models, top color, ...
- -



Key Advantages of New Physics Source

• Production source can be QCD (enhanced!)

• Cascade decays from heavy new particles leads 
  to significant boost for a large fraction of events

•  In MSSM, Higgs is always light

(in other models, lighter Higgs
 consistent with EW precision data)



Outline

•  Higgs in Standard Model

•  Jet Substructure applied to h -> bb @ LHC

•  Higgs in new physics: 
    i)  SUSY  
    ii) top-partners

•  Discovery of Higgs in new physics events

•  Summary

-



New Physics Production -- Busy Events!

New physics events tend 
to be “busy” with a lot of 

hadronic activity from 
squark/gluino/top-partner

decay and associated 
parton showers.

Can have extra hard subjets 
in “fat jet” cone!

~ ~B,W+-0 H~

h

q

q

~

Similar problem also with t,tbar,h!   
Plehn, Salam, Spannowsky

t’
t

h



Our New Step
Search Jet Daughters for Maximal “Similarity”

physics scenario as well as the detector performance. Im-
portant details of the new physics model include the total
cross section of new physics, the fraction of new physics
produced that can be cleanly separated from standard
model backgrounds, the fraction of this sample that has
Higgs bosons resulting from new heavy particle decays,
and the fraction of these Higgs bosons that are boosted.
Important detector performance details include the b-tag
efficiency, which includes tagging a jet as well as subjets,
the jet energy resolution, fake rates, and so on.

II. BOOSTED HIGGS

A boosted Higgs boson has high transverse momenta
pt � mh. When the Higgs decays to bb̄, this high
transverse momenta causes the b-jets to be highly col-
limated. Conventional search strategies to identify the
Higgs through the reconstruction of two separate singly
b-tagged jets generally fails since it is much more likely
for the b-jets to be merged into a single jet. Going to
smaller cone size would seem prudent, except that this
has been shown to give poor mass resolution [4].

Instead, we exploit the recently developed technique
to identify subjets within a “fat jet” consistent with the
decay of a Higgs to bb̄ [1]. Identifying subjets inside a
fat jet that resulted from the decay of a massive particle
is not straightforward. Jet mass, determined by some
algorithmic prescription applied to the subjets, is one
indicator. However, the distribution that results from
ordinary QCD production still has a long tail into high
jet masses. For a jet with transverse momentum pt, jet
mass mj , and cone size R2 = ∆η2 + ∆φ2, the leading
order differential QCD jet mass distribution goes as [5, 6]

dσ (R)
dptdmj

∼ αsCi

πm2
j

�
ln

R2p2
t

m2
j

+O (1)

�
. (1)

The challenge is thus to reduce the QCD jet background
without losing significantly in mass resolution. Further,
when a jet with substructure is identified, we also need to
determine the “heavy particle neighborhood” – the region
to which QCD radiation from the Higgs decay products
is expected to be confined.

Analysis of jet substructure has received considerable
attention. Distinct algorithms have been proposed to
identify Higgs decaying to bb̄ [1, 7], fully hadronic decays
of top [7, 8, 9, 10], and even neutralinos decaying to three
quarks [11, 12]. Refs. [13, 14, 15] have also recently in-
troduced a more general “pruning” procedure based on
jet substructure to more easily discover heavy particles.
Our work employs a modified version of the iterative de-
composition algorithm introduced by Ref. [1], which uses
an inclusive, longitudinally invariant Cambridge/Aachen
(C/A) algorithm [16, 17, 18].

III. JET SUBSTRUCTURE ALGORITHM

The starting point to test our algorithm, both for new
physics and SM background processes, is a set of final
(post-showering and hadronization) particles. We gener-
ate signal events using Pythia v6.4 [19], while the back-
ground events are first generated at parton-level using
ALPGENv13 [20]. We use PYTHIA v6.4 for showering
and hadronization of all events. We also use the ATLAS
tune [21] in Pythia to model the underlying event. We do
not perform any detector simulation or smearing of jets.
A realistic ATLAS/CMS specific search in the spirit of
Ref. [2] is beyond the scope of this work. However, since
high pt jets result in a large amount of energy deposited
in the calorimeter cells where energy resolution is excel-
lent, we do not expect smearing to significantly modify
our results.

We group the hadronic output of Pythia into “cells” of
size ∆η×∆φ = 0.1×0.1. We sum the four momentum of
all particles in each cell and rescale the resulting three-
momentum such as to make the cells massless [8]. If the
cell energy is bigger than 1 GeV, the cells become the
inputs to the jet algorithm. We use the inclusive C/A
algorithm as implemented in FastJet [22] to cluster the
input cells in jets with R = 1.2. As we are trying to
identify the Higgs through its decay to bottom quarks,
the b-tag efficiency is paramount. For simplicity we work
with a flat 60% acceptance, with a corresponding fake
rate of 2%. Our algorithm is as follows:

1. The decomposition procedure starts with a b-
tagged jet j. After undoing its last stage of clus-
tering, the two subjets j1 and j2 are labeled such
that mj1 > mj2 .

2. Following Ref. [1], subjets are checked for the ex-
istence of a significant mass drop (mj1 < µmj) as
well as non-existence of an asymmetry defined by

y =
min

“
p2

tj1
,p2

tj2

”

m2
j

∆R2
j1,j2 > ycut. We use µ = 0.68

and ycut = (0.3)2 identical to Ref. [1]. Both subjets
are required to be b-tagged and the pt of the daugh-
ter jet j greater than 30 GeV. If these conditions
are satisfied, this stage of clustering (say, i-th) is
recorded and then the following is calculated:

Si =
min

�
p2

tj1
, p2

tj2

�

�
ptj1

+ ptj2

�2 ∆Rj1j2 . (2)

The quantity Si is an indicator of the similarity of
the two subjets and is weighted by their separation
∆Rj1j2 .

3. Replace j by j1 and repeat from step 1 as long as
j has further subjets.

4. Select the stage of clustering for which Si is the
largest. We anticipate that the two b-tagged sub-
jets, at this stage, are most likely to have originated

2

Choose 3 highest pT jets from stage which maximizes “S”

At each stage of unclustering, 
calculate “similarity”:

This helps improve the efficiency of finding the Higgs by 
≈ 10-20% by not rejecting fat jets with stray b-tagged jet.

j11 j21

j12

j22



Results: Details

Signal:   SUSPECT2         PYTHIA6.4

Background:  ALPGEN            PYTHIA6.4 underlying event:
ATLAS tune

• All final-state hadrons grouped into 
cells of size (∆η ×∆φ) = (0.1× 0.1)

• Each cell is rescaled to be massless
this models detector response                 (Thaler, Wang ’08)

b-tagging: 

jet-photon fake rate:

60% efficiency, 

.1%

2% fake rate

jet gymnastics performed using FastJet (hep-ph/0512210)

34Thursday, February 18, 2010
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Example 1: MSSM with Higgsino LSP
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 = 14 TeVs, -1b invariant mass, L = 10 fbb

Results: Point #2

BR(χ̃0 → G̃ + γ) ∼ 43%
BR(χ̃0 → G̃ + Z0) ∼ 29%
BR(χ̃0 → G̃ + h) ∼ 28%

Candidate Higgs-jet mass

3rd generation squarks and gluinos 
play a bigger role in SUSY production, 

more b/t quarks in the events

same ino spectrum as previous,  
  but light squarks now 1 TeV

|µ|
M1

M2

750 GeV

600 GeV

300 GeV
−250 GeV

mQ̃3

1 TeVmQ̃1,2

35Thursday, February 18, 2010

150

BR(ũL, d̃L → h + X) ∼ 23%
BR(ũR, d̃R → h + X) ∼ 16%MET > 300 GeV, HT > 1 TeV, 3+ jets, 

no lepton, + 1 “tagged” Higgs

10 fb-1 @ 14 TeV

GK, Martin, Roy, Spannowsky; 1006.1656



candidate Higgs jet mass (GeV)
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 = 14 TeVs, -1L = 10 fb

“What good is that fancy substructure?”

HT > 1 TeV, /ET > 300 GeV
HT > 1 TeV, /ET > 300 GeV
4+ high− pT jets,no leptons

Comparison*: with substructure analysis vs. with PGS

Mbb̄

3
+
high-pT jets, no leptons

1 candidate Higgs

*not totally fair

2+ b-tags

(Stolen from A. Martin slides)



Example 2:  MSSM with mA = 200 GeV

Could discover heavier A,H states!bb
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BR(χ̃0 → G̃ + γ) ∼ 43%
BR(χ̃0 → G̃ + Z0) ∼ 29%
BR(χ̃0 → G̃ + h) ∼ 28%

Candidate Higgs-jet mass

3rd generation squarks and gluinos 
play a bigger role in SUSY production, 

more b/t quarks in the events

same ino spectrum as previous,  
  but light squarks now 1 TeV
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10 fb-1 @ 14 TeV

GK, Martin, Roy, Spannowsky; 1006.1656



Example 3:  Higgs from Top-Partners

t/b

W/Z

h

t

T

T

p

p

always one top quark

short cascade:
Higgs pT ~ MT/2

(vs. ~MT/4 for MSSM)

+ additional gauge boson/top

4+ bs, many jets! 

Unlike SUSY, require multiple “tags” involving
the varied final states, including

boosted top and boosted W tagging.



Example 3:  Higgs from Top-Partners

FIG. 6. Flow diagram to summarize our selection procedure. The flow has been devised so that no event can be counted more
than once. In the figure, 1+ means one or more objects are required. Additional cuts on HT > 1, 1.3 TeV are imposed for
top-partner masses of 800, 1000 GeV respectively.

the branching fraction of Z → b̄b is � 0.15, so the Z
feature is small. Hadronic W are also produced in T de-

cay, however the majority of them are removed by cuts

preceding the Higgs-tagger.

The measure we use for how well a particular analysis

or sub-channel performs is the significance, which we de-

fine simply as S/
√
B. In addition to the SM background,

we also include the new physics background – hadroni-

cally decaying W , Z from T decay mentioned above. To

account for this new physics background we define the to-

tal background to be the average of the number of events

in the bins ±2 from the putative Higgs peak. This is a

crude, and somewhat conservative estimate for the sig-

nificance. The significance in each channel, as well as

the significance of all channels combined is summarized

below in Table II.

As Table II shows, the most significant channel(s) vary

with the mass of the top-partner. When the top-partner

is light, the cross section is large, but the boost of a Higgs

or top from T decay is smaller. Consequently, channels

which require several substructure tags (Ch. 3, 5) are in-

efficient, while the high cross section makes up for small

branching ratios in the multi-lepton channels (Ch. 2, 4).
At high mass, the channels swap roles; the multi-lepton

channels don’t receive enough events, while the efficiency

of substructure taggers improves greatly. For the inter-

mediate point, mT = 600 GeV all channels are equally

effective.

400 GeV 600 GeV 800 GeV 1 TeV

S/
√
B S/B S/

√
B S/B S/

√
B S/B S/

√
B S/B

Ch 1 2.0 0.4 4.3 1.3 2.0 1.0 ** **

Ch 2 4.3 0.5 5.2 0.9 2.5 1.2 ** **

Ch 3 * * 6.6 2.2 2.7 1.2 2.0 1.6

Ch 4 2.7 0.7 4.4 1.8 ** ** ** **

Ch 5 * * 4.1 1.1 3.1 1.2 1.4 0.8

sum 5.2 0.5 10.5 1.2 5.2 1.2 2.4 1.2

TABLE II. The S/
√
B and S/B obtained for the various

search channels, as well as for the summed significance of
all channels. The search was done for the heavy quark mass
of 400 GeV, 600 GeV, 800 GeV and 1 TeV, all assuming√
s = 14 TeV and 10 fb−1 of integrated luminosity. The

starred entries have significance less than 2 and are not in-
cluded in the summed significance. The double-starred en-
tries have fewer than 2 events in the signal, and are also not
included in the total significance.

V. TOP-PARTNERS IN SPECIFIC MODELS

Vector-like top-partners are self-contained extensions

of the standard model. Nevertheless, they often ap-

pear as ingredients in larger extensions. Here we demon-

strate how our results from previous sections on jet sub-

structure and Higgs-finding apply directly to two general

classes of models: little Higgs theories and topcolor the-

6

Different pathways better for different t’ masses.



Top partner production & decay:

400 600 800 1000 1200
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FIG. 1. Branching fraction of T to t + h, mh = 120 GeV

(solid), b + W (dotted) and t + Z (dashed) as a function of

mT . An η value of 0.5 has been chosen, though the branching

ratios are essentially independent of η.
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FIG. 2. Comparison of the production cross sections σ(pp →
T T̄ ) (solid) and σ(pp → T+j, T̄+j) (dotted) with at least one

T → th at a 14 TeV LHC. The η parameter, which enters into

single production, has been set to 1/2. Smaller η decreases

the cross section slightly.

depends on the b-quark pdf of proton, proportional to
the electroweak coupling, and additionally suppressed
because of W exchange in the T−channel. As long as
mT � 1.1 TeV, single production is always subdominant
with respect to the QCD pair production of T [20, 37].
The dominance of the pair production below 1.1 TeV is
demonstrated in Fig. 2.

Single production, while subdominant, does neverthe-
less create a cleaner final state compared to pair produc-
tion, for example pp → T+q. Cleaner states are certainly
easier to reconstruct, however one T resonance in the
event obviously provides fewer handles for distinguishing
signal and background compared to T pair production.
We find the cleaner final state does not compensate suffi-
ciently for the lack of handles, so single production is al-
ways inferior to pair production, at least for the purpose
of Higgs discovery. Therefore, in this work we concen-
trate on the following set of topologies: pair production
of T followed by the decay of one T to t+h and the other

FIG. 3. A sample Feynman diagram for T T̄ pair production

followed by decays to a Higgs boson and a W or Z.

T to b+W or t+ Z.

B. Search Strategy

In order to come up with a successful search strategy,
we first need to understand the standard model back-
grounds as well as new physics backgrounds that we must
overcome. Every interesting signal event contains multi-
ple resonances, meaning Higgs bosons, W , Z, or tops.
More specifically, in addition to the Higgs boson, there
is always at least one top quark, one gauge boson and
one b quark. Signal W bosons and b quarks can either
come directly from the decay of the top-partner, or they
can come from the decay of the top. The dominant SM
backgrounds are t̄t+jets, t̄t+ b̄b and W/Z+jets – all pro-
cesses with large cross section containing gauge bosons
and multiple hard jets. We will restrict our search to fi-
nal states which contain at least one lepton to avoid an
overwhelming QCD multi-jet background. The specifics
of the backgrounds, including cross sections and genera-
tor details, will be given in Sec. IV.
The success of our search for a boosted Higgs boson

relies crucially on combinations of conventional handles
(such as existence of isolated leptons and large HT i.e.
scalar sum of visible energies in an event) and slightly
unconventional tools (boosted object taggers). Each of
these handles is described in more detail in the following
subsection.

• isolated lepton: In our simulation leptons
are considered as isolated they have pT >

15 GeV, |η| < 2.5 and if the energy deposited by
hadrons within a cone of size R = 0.4 surrounding
the lepton is less than 20% of the energy deposited
by the lepton. Our simple implementation tags lep-
tons with a 90% efficiency.

• HT: HT is defined as the scalar sum of all visible
energy in the detector with |η| < 4.0. We calculate
it by summing up the energies of all particles except
neutrinos. Also note that after the hadrons are
granularized into calorimeter cells, we disregard all
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FIG. 7. Resonance jet mass distribution. We assume an integrated luminosity of 10 fb
−1

at a 14 TeV center of mass LHC.

The search strategy is described in Sec. III B and in Fig. 6. An additional cut on HT > 1, 1.3 TeV is imposed for top-partner

masses of 800, 1000 GeV.

ories. In particular, we map our parameter space onto

two specific examples of these models: the simplest lit-

tle Higgs model [13] and the top quark seesaw theory of

electroweak symmetry breaking [78].

A. The Simplest Little Higgs

In the simplest little Higgs model, the Higgs boson

is naturally light because it is a Nambu-Goldstone bo-

son of a spontaneously broken symmetry (SU(3)W ×
U(1)X)/(SU(2)W ×U(1)Y ). Nonzero vevs of two scalars

(say, φ1 and φ2) in the triplet representation of SU(3)W

break the full symmetry down to SU(2)W ×U(1)Y at the

scale f > v. Interactions of SM Higgs doublet can easily

be calculated in the following parametrization of the φi

fields:

φ1 = exp

�
i

�
H

†

H

���

f

�
(9)

φ2 = exp

�
−i

�
H

†

H

���

f

�
(10)

The quadratic divergences associated with the top

Yukawa is cancelled by extending the SU(3) symmetry

to the Yukawa couplings. First, the quark doublets are

enlarged into SU(3) triplets: Ψ ≡ (Q3, T ), transforming

under the SU(3)W gauge symmetry. Second, two color-

triplet, SU(3)W -singlets T
c
1 and T

c
2 are introduced. The

U(1)X charges of T
c
1 and T

c
2 are chosen to be equal and

identical to the U(1)X charge of t
c
.

LYukawa = λ1φ
†
1ΨT

c
1 + λ2φ

†
2ΨT

c
2 . (11)

Expanding φ1 and φ2 around their vevs (as in Eq. (9))
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Summary
•  Jet substructure techniques are revolutionizing
   search for complicated hadronic final states

•  MSSM h ideal candidate; large rate from squark 
   production; large boost from cascade decay.
   Could discover h faster than SM!

•  Top-partners produced with large rate; large boost;
   large decay fraction into Higgs; can also help discover
   and measure top-partner properties. 

Rethink mA -tan(b) plane!!

•  Remarkable opportunities -- requires validation
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